Currently, thirty-nine astatine, thirty-nine radon, thirty-five francium, and thirty-four radium isotopes have so far been observed; the discovery of these isotopes is discussed. For each isotope a brief summary of the first refereed publication, including the production and identification method, is presented.
Introduction
The discovery of astatine, radon, francium, and radium isotopes is discussed as part of the series summarizing the discovery of isotopes, beginning with the cerium isotopes in 2009 [1] . Guidelines for assigning credit for discovery are (1) clear identification, either through decay-curves and relationships to other known isotopes, particle or γ-ray spectra, or unique mass and Z-identification, and (2) publication of the discovery in a refereed journal. The authors and year of the first publication, the laboratory where the isotopes were produced as well as the production and identification methods are discussed. When appropriate, references to conference proceedings, internal reports, and theses are included. When a discovery includes a half-life measurement the measured value is compared to the currently adopted value taken from the NUBASE evaluation [2] which is based on the ENSDF database [3] . In cases where the reported half-life differed significantly from the adopted half-life (up to approximately a factor of two), we searched the subsequent literature for indications that the measurement was erroneous. If that was not the case we credited the authors with the discovery in spite of the inaccurate half-life. All reported half-lives inconsistent with the presently adopted half-life for the ground state were compared to isomer half-lives and accepted as discoveries if appropriate following the criterium described above.
The first criterium is not clear cut and in many instances debatable. Within the scope of the present project it is not possible to scrutinize each paper for the accuracy of the experimental data as is done for the discovery of elements [4] . In some cases an initial tentative assignment is not specifically confirmed in later papers and the first assignment is tacitly accepted by the community. The readers are encouraged to contact the authors if they disagree with an assignment because they are aware of an earlier paper or if they found evidence that the data of the chosen paper were incorrect.
The discovery of several isotopes has only been reported in conference proceedings which are not accepted according to the second criterium. One example from fragmentation experiments why publications in conference proceedings should not be considered is 118 Tc and 120 Ru which had been reported as being discovered in a conference proceeding [5] but not in the subsequent refereed publication [6] .
The initial literature search was performed using the databases ENSDF [3] and NSR [7] of the National Nuclear Data Center at Brookhaven National Laboratory. These databases are complete and reliable back to the early 1960's.
For earlier references, several editions of the Table of Isotopes were used [8] [9] [10] [11] [12] [13] . A good reference for the discovery of the stable isotopes was the second edition of Aston's book "Mass Spectra and Isotopes" [14] . For the isotopes of the radioactive decay chains several books and articles were consulted, for example, the 1908 edition of "Gmelin-Kraut's
Handbuch der anorganischen Chemie" [15] , Soddy's 1911 book "The chemistry of the radio-elements" [16] , the 1913 edition of Rutherford's book "Radioactive substances and their radiations" [17] , and the 1933 article by Mary Elvira
Weeks "The discovery of the elements. XIX. The radioactive elements" published in the Journal of Chemical Education [18] . In addition, the wikipedia page on the radioactive decay chains was a good starting point [19] .
The isotopes within the radioactive decay chains were treated differently. Their decay properties were largely measured before the concept of isotopes was established. Thus we gave credit to the first observation and identification of a specific activity, even when it was only later placed properly within in the decay chain. 
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th 1904 and published a year later [20] are shown by grey squares and connected by the grey arrows representing α and β decay. The decay from actinium to actinium X and from thorium to thorium X was later shown to be more complex. These isotopes are shown as black squares with the corresponding decays shown by black arrows.
191−229 At
Astatine was discovered in 1940 by Corson et al. by bombarding a bismuth target with α particles [21] . A month later Minder reported the observation of element 85 naming it helvetium [22] which was later shown to be incorrect [23] . Also a later claim by Leigh-Smith and Minder naming element 85 anglohelvetium [24] was not confirmed. An even earlier report of the discovery of element 85 by Allison et al. in 1931 [25] selecting the name alabamine was incorrect [26] . The name astatine was officially accepted at the 15 th IUPAC conference in Amsterdam in 1949 [27] .
Thirty-nine astatine isotopes from A = 191-229 have been discovered so far and according to the HFB-14 model
[28] about 37 additional astatine isotopes could exist. Figure 2 summarizes the year of first discovery for all astatine isotopes identified by the method of discovery: radioactive decay (RD), fusion evaporation reactions (FE), light-particle reactions (LP), projectile fission or fragmentation (PF), and spallation (SP). In the following, the discovery of each astatine isotope is discussed in detail and a summary is presented in Table 1 . The observation of 230 At was reported in a preprint [29] , however, the paper was never accepted for publication in a refereed journal. Original nomenclature of radon, radium, actinium, and thorium isotopes within the three natural occurring radioactive decay series.
The grey squares connected by the grey arrows depict the activities labeled by Rutherford in his Bakerian lecture [20] . The black squares correspond to radioactive substances discovered later. In the 2006 paper "α-decay spectroscopy of the new isotope 192 At", Andreyev et al. announced the discovery of 192 At [31] . A 144 Sm target was bombarded with a 230 MeV 51 V beam from the GSI UNILAC heavy ion accelerator producing 192 At in the (3n) fusion-evaporation reaction. Recoil products were separated with the velocity filter SHIP and implanted in a 16-strip position-sensitive silicon detector which also measured subsequent α decay. "Two α-decaying isomeric states with half-lives of 88 (6) isotopes with A<202 and A<203, respectively [37] . 202 
At
The paper "α-particle branching ratios for neutron-deficient astatine isotopes" by Latimer et The measured half-life of about 10 −3 s is consistent with the presently adopted value of 0.3 ms. In 1940, Minder [22] and later in 1942, Leigh-Smith and Minder [24] had reported the observation of 216 At β-decay which was evidently incorrect [23] . Also the observation of 216 At in the natural thorium radioactive decay chain [51] was not correct [52] . corresponding to a total decay energy of 6.7 5 MeV. From this energy a half-life on the order of seconds can be derived from the Geiger-Nutall relation which is consistent with our observations.] The currently adopted half-life for 218 At is 1.5(3) s.
219 At
In 1953
219 At was first reported by Hyde and Ghiorso in "The alpha-branching of AcK and the presence of astatine in nature" [55] . A 20-mC 227 Ac source was used to study the nuclide of the 4n+3 decay series by chemical and physical separation and measuring the radioactivity with an alpha-ray differential pulse analyzer. "The observed branching rate is ca 4×10 −5 , and the At 219 daughter decays predominantly by the emission of 6.27 Mev alpha-particles with a half-life of 0.9 minute to the new isotopes Bi 215 , which in turn emits β − particles with a half-life of 8 minutes." The measured half-life of 0.9 min for 219 At is included in the calculated average of the currently adopted value of 56 (3) 
193−231 Rn
Although it is generally accepted that the element radon was discovered by Dorn in 1900 the references to the original papers is not straightforward [60] . Also arguments have been made to credit Rutherford [61] or M. and P. Curie [62] with the discovery of radon. In 1923, the International Union of Pure and Applied Chemistry (IUPAC) named the three known emanations -radium, actinium, and thorium -radon (Rn), actinon (An), and thoron (Tn), respectively. Ramsay and Gray had suggested the name niton for radium emanation [63] in 1910. Later radon (Rn) was adopted for all radon isotopes, however, the name emanation with the symbol Em was commonly in use for a long time, see for example reference [64] .
Thirty-nine radon isotopes from A = 193-231 have been discovered so far and according to the HFB-14 model [28] about 48 additional radon isotopes could exist. Figure 3 summarizes the year of first discovery for all radon isotopes identified by the method of discovery: radioactive decay (RD), fusion evaporation reactions (FE), light-particle reactions (LP), projectile fission or fragmentation (PF), and spallation (SP). In the following, the discovery of each radon isotope is discussed in detail and a summary is presented in Table 1 . The observation of 232 Rn was reported in a preprint [29] , however, the paper was never accepted for publication in a refereed journal. 
Rn
Rutherford reported the observation of an activity from radium later identified as 220 Rn in the 1900 article "A radio-active substance emitted from thorium compounds" [88] . Thorium oxide samples were used to study the activity of the "emanation": "...I have found that thorium compounds continuously emit radio-active particles of some kind, which retain their radio-active powers for several minutes. This 'emanation,' as it will be termed for shortness, has the power of ionizing the gas in its neighbourhood and of passing through thin layers of metals, and, with great ease, through considerable thicknesses of paper... The emanation passes through a plug of cotton-wool without any loss of its radio-active powers. It is also unaffected by bubbling through hot or cold water, weak or strong sulphuric acid. In this respect it acts like an ordinary gas... The result shows that the intensity of the radiation has fallen to one-half its value after an interval of about one minute." This half-life agrees with the currently accepted value of 55.6(1) s.
Momyer and Hyde reported the observation of 221 Rn in the 1956 paper "Properties of Em 221 " [89] . Thorium targets were bombarded with 110 MeV protons from the 184-inch Berkeley cyclotron. Alpha-decay spectra were measured following chemical separation. "These results lead directly to the conclusion that a beta-emitting Em 221 with a 25-minute half-life is present in the samples and is giving rise to the known Fr 221 chain." The quoted value is the currently adopted half-life.
"Sur la radioactivité provoquée par les rayons de Becquerel" [90] . The radioactivity of polonium and radium samples was studied by measuring current due to the ionization of air. "Si l'on soustrait la plaque activée a l'influence de la substance radioactive, elle reste radioactive pendant plusieurs jours. [27] . Perey had originally suggested the symbol Fa but agreed it to be changed to Fr [97] .
Thirty-five francium isotopes from A = 193-231 have been discovered so far and according to the HFB-14 model
[28] about 40 additional francium isotopes could exist. Figure 4 summarizes the year of first discovery for all francium isotopes identified by the method of discovery: radioactive decay (RD), fusion evaporation reactions (FE), light-particle reactions (LP), projectile fission or fragmentation (PF), and spallation (SP). In the following, the discovery of each francium isotope is discussed in detail and a summary is presented in Table 1 . 
201,202 Fr
The first observation of 201 Fr and 202 Fr was reported in "Alpha decay studies of new neutron-deficient francium isotopes and their daughters" by Ewan et al. [98] . A uranium target was bombarded with 600 MeV protons from the CERN synchrocyclotron producing 201 Fr and 202 Fr in spallation reactions. Alpha-particle spectra were measured with a silicon surface-barrier detector following mass separation with the isotope separator ISOLDE. "The only hitherto unreported line in the spectrum is the 7388±15 keV line, whose decay, as obtained from the measurement with the position-sensitive detector, is shown in the inset of [the figure]. This line is assigned to 201 Fr, for which a half-life of 48±15 ms thus was derived... The singles alpha spectrum observed from the decay of a source collected at mass 202 is shown in the lower part of [the figure]. In addition to previously known lines, mainly coming from heavier francium isotopes in analogy with the A=201 spectrum, a strong alpha line with an energy of 7251±10 keV is present... The new line is assigned to 202 Fr, and the half-life was deduced to be 0.34±0.04 s." The measured half-lives of 48 (15) 
Fr
Westgaard et al. identified 222 Fr in the 1975 paper "Beta-decay energies and masses of short-lived isotopes of rubidium, caesium, francium, and radium" [102] . Lanthanum, yttrium-lanthanum, and thorium-lanthanum targets were irradiated with 600 MeV protons from the CERN synchrocyclotron. Beta-and gamma-rays were measured following mass separation with the ISOLDE on-line separator at CERN. "The decay of 15 min 222 Fr: ... The singles β spectrum measured in our experiment showed a flat tail of low intensity, extending to much higher energies than the main portion of the data. After subtraction of this tail, presumably due to α particles from 222 Ra, a FK analysis gave for the endpoint energy E max β =1.78±0.02 MeV." They measured half-life of 14.8 min agrees with the currently adopted value of 14.2(3) min.
Perey discovered 223 Fr in 1939 as reported in "Sur unélément 87, dérivé de l'actinium" [96] . 223 Fr was observed within the natural actinium radioactive decay chain and populated by α decay from 227 Ac. Beta-decay curves were measured following chemical separation. "En ajoutant du chlorure de caesiumà l'eau mère et en précipitant par une solution de perchlorate de sodium, il se forme des cristaux qui entraînent l'activité: celle-ci d'ecroît exponentiellement avec la période de 21 minutes ± 1. [By adding liquid cesium chloride and precipitating a solution of sodium perchlorate crystals are formed that cause an activity which decreases exponentially with the period of 21 minutes ± 1.] This half-life agrees with the presently adopted value of 22.00 (7) min. This observation of 223 Fr also represented the discovery of the element francium.
224−226 Fr
Hansen et al. reported the first observation of 224 Fr, 225 Fr and 226 Fr in the paper "Decay characteristics of shortlived radio-nuclides studied by on-line isotope separator techniques" in 1969 [92] . Protons of 600 MeV from the CERN synchrocyclotron bombarded a molten tin target and 224 Fr, 225 Fr and 226 Fr were separated using the ISOLDE facility.
The paper summarized the ISOLDE program and did not contain details about the individual nuclei but the results were presented in a table. The measured half-life of 2.67 (20) min for 224 Fr agrees with the presently adopted value of 3.33(10) min and the 3.9(2) min for 225 Fr is included in the calculation of the currently accepted half-life of 3.95 (14) min.
The half-life of 1.43(23) min for 226 Fr is within a factor of two of the present value of 49 (1) Observation of 33 Na and other new isotopes produced in the reaction of high-energy protons on U" [103] . Uranium targets were bombarded with 24 GeV protons from the CERN proton synchrotron. 227 Fr and 228 Fr were identified by on-line mass spectrometry and decay curves were measured. "Following the same procedure as for Na, the isotopes 48 K, 49 K, and 50 K were found. However, their half-lives were not short compared with the diffusion time, and hence could not be determined. We also observed the new neutron-rich isotopes 227 Fr and 228 Fr produced in the spallation of the uranium target." The presently accepted half-lives are 2.47(3) min and 38 (1) 
201−234 Ra
The element radium was discovered in 1898 by P. Curie, M. Curie and G. Bémont [108] . Thirty-four radium isotopes from A = 201-234 have been discovered so far and according to the HFB-14 model [28] about 50 additional radon isotopes could exist. Figure 5 summarizes the year of first discovery for all radon isotopes identified by the method of discovery: radioactive decay (RD), fusion evaporation reactions (FE), light-particle reactions (LP), neutron-capture reactions (NC), and spallation (SP). In the following, the discovery of each radon isotope is discussed in detail and a summary is presented in Table 1 . 223 
Ra
In the 1905 article "A new radio-active product from actinium," Godlewski reported the discovery of a new activity in the natural actinium decay chain which was later identified as 223 Ra [116] . The activity of actinium samples were measured following chemical separation. "Taking into consideration the similarity of actinium and thorium, both as regards their chemical and radioactive properties, I resolved to try if the method used by Rutherford and Soddy for the separation of ThX would not serve also to separate an analogous product from actinium. The experiments were at once successful... This substance, which is so similar in properties to ThX, will be called actinium X (AcX). The product AcX, immediately after its separation, weight for weight, was more than a hundred times more active than the original actinium. The activity increased in the first day after removal to about 15 per cent. of its original value, and then decayed with the time according to an exponential law, falling to half value in about ten days." This half-life agrees with the currently accepted value of 11.43(5) d. A year earlier Giesel had reported a new substance separated from emanium (actinium) [117] without any measurements [118] . 224 
In 1902 Rutherford and Soddy announced the discovery of a new activity extracted from thorium later identified as 224 Ra in the paper "The cause and nature of radioactivity -part I" [119] . Activities from a thorium nitrate sample were observed with a photographic plate and an electrometer following chemical separation. "If for present purposes the initial periods of the curves are disregarded and the later portions only considered, it will be seen at once that the time taken for the hydroxide to recover one half of its lost activity is about equal to the time taken by the ThX to lose half its activity, viz., in each case about 4 days, and speaking generally the percentage proportion of the lost activity regained by the hydroxide over any given interval is approximately equal to the percentage proportion of the activity lost by the ThX during the same interval." The quoted half-life is close to the currently adopted value of 3.66(4) d. 225 
Hagemann et al. discovered 225 Ra in 1947 in "The (4n+1) radioactive series: the decay products of U 233 " [53] .
The half-lives and α-and β-decay energies of the nuclides in the decay chain of 233 U were measured. "These decay In 1898 Curie et al. announced the discovery of a new radioactive substance later identified as 226 Ra in the paper "Sur une nouvelle substance fortement radio-active, contenue dans la pechblende" [108] . During the study of radioactivity of pitchblende in addition to polonium a second new radioactive element was chemically separated. "La nouvelle substance radio-active que nous venons de trouver a toutes les apparences chimiques du baryum presque pur: elle n'est précipitée ni par l'hydrogene sulfure, ni par le sulfure d'ammonium, ni par l'ammoniaque; le sulfate est insoluble dans l'eau et dans les acides; le carbonate est insoluble dans l'eau; le chlorure, très soluble dans l'eau, est insoluble dans l'acide chlorhydrique concentré et dans l'alcool. Enfin cette substance donne le spectre du baryum, facileà reconnaitre... Les diverses raisons que nous venons d'énumerér nous portentà croire que la nouvelle substance radio-active renferme unélément nouveau, auquel nous proposons de donner le nom de radium." [The new radio-active substance which we have found has all the chemical appearances of almost pure barium: it is neither precipitated by hydrogen sulfide nor by the ammonium sulfide, nor with ammonia; the sulfate is insoluble in water and in acids; the carbonate is insoluble in water, the chloride, very soluble in water, is insoluble in concentrated hydrochloric acid and alcohol. Finally, the spectrum of this substance is easily recognizable as barium... The various reasons we have enumerated lead us to believe that the new radioactive substance contains a new element, which we propose to name radium.] The currently adopted half-life is 1600(7) y. Hahn first observed a new activity in the natural thorium decay series later identified as 228 Ra in 1907 and published his results in the article "Ein neues Zwischenprodukt im Thorium" [121] . The activities from thorium nitrate samples of different ages were compared. "Es ist naheliegend, daß die allmähliche Abnahme der Aktivität der frisch bereiteten Thorpräparate vom Zerfall eines aus irgend einem Grunde vorliegendenÜberschusses an Radiothor herrührt; und in der Tat ergibt sich als Größenordnung für die Abnahme eine Periode von etwa zwei Jahren... Von der definitiven Wahl eines Namens für den neuen Körper sehe ich ab, bis sich seine Natur genauer hat feststellen lassen. Im letzteren Fall würde mir der Name 'Mesothorium' als zweckmäßig erscheinen." [It seems evident that the slow reduction of the activity of the newly prepared thorium samples is due to the decay of an unexplained excess of radio thorium; and indeed the order of magnitude of the activity is about two years... I restrain from selecting a name for the new substance until its properties are better determined. In the latter case the name 'mesothorium' seems suitable.] Hahn submitted the identical paper three days later to another journal [122] . In a subsequent paper Hahn estimated the half-life of mesothorium to be about 7 years [123] . A year later Hahn quoted a half-life of ∼5. was milked successively at 20 min intervals over a period of 3 hr, and the parent half-life was extracted from the values of the daughter activity. Both methods gave the identical result of 93±2 min." This half-life is the currently adopted value.
The tentative assignment of a 45.5(15) min half-life to 230 Ra was evidently incorrect [104] . An even earlier measurement of a ∼1 hr half-life assigned to 230 Ra was only published in a conference abstract [126] .
231,232 Ra
The observation of 231 Ra and 232 Ra was reported by Ahmad et al. in the 1983 paper "Determination of nuclear spins and moments in a series of radium isotopes" [127] . detectors for the registration of the beta-, gamma-, X-radiation." For 233 Ra, the quoted half-life is the currently accepted value, and for 234 Ra the quoted half-life agrees with the currently adopted value of 30(10) s.
Summary
The discoveries of the known astatine, radon, francium, and radium isotopes have been compiled and the methods of their production discussed. Only the following six isotopes were initially identified incorrectly: 204, 206 212 Ra were at first reported without definite mass assignments. Table 1 
